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DETERMINATION OF CALCIUM, BARIUM, ZINC, SULFUR AND PHOSPHOR{S. -
IN LIQUID HYDROCARBONS BY X-RAY FLUORESCENCE USING THE
CORRECTED INTENSITIES METHOD

J. Paucherre, B. Grubis and R. Vié Le Sage

INTRODUCTION /850%

The cost and time expenditure for determination of mineral. -
elements in hydrocarbon compounds: by:-chéemicdal:methdéds:led ustocongider
the - determinatiocn .- of these eleménts by x-ray fluorescence. The
main difficulty of this method lies in the preferentlal absonption,
for the radiation of the elemént measured, of other elements in
varying concentratlions. We have studied several methods of cor-
rection and have developed that which seemed to us to be both the
most widely applicable and the simplest to use,

The dilution method, which tends to render the absorption of
atoms in the sclute negliglible in comparison to that of the atoms
in the solvent, has not ylelded satisfactory results. Although
the dilution of doped ollswwith paraffin oil by a factor of ten
furnished correct -determinatlons . for phosphorys . and sulfur, thdse
type of dillution was flound Inadequate in the case of heavier ele- éﬁil
ments such as barium, calcium and especially ziné. DMore extensive
dilutlon of the sample undergoing analysisg, which is'théorgtiéal&y
péssibleth__; ig inacceptable in practice due to the increased -
error resulting from preparation and - the decrease in sen51tiv1ty,
for light elementsuin particular. In the case of additives, where
the elements to be measured occur in hilgher concentrations, dilution
by a factor of 50 in paraffin oil permitted the complete elimination
of matrix effect for 2ll  elements with the exception of zinc,
for which significant anomalies oecur when the barium and calecium
concentrations are varied. DPue to these resiilts, this method was
set asilde.

The internal stahdard method {1], since this standard could be
predicted, permitfed integral correction of the matrix effects. For:

¥Numbers in the margin indicate pagination in the foreign text.



0l1ls and additives (the latter being diluted by a factor of 20 in
paraffin o0il), a lead salt may be used as an Internal standard for

IEHE T determination of zine by a comparison of the ZnKa and PbL[illegible]
rays, and for ;htgnmﬂatﬂxrof sulfur by comparison of fhe SKOL and

BbMa rays. Moreover, a tin salt may be used as an internalustandard
for detérmiration of barium (Bal,, SnLB) and calcium (CaK,, SnL,).
Phosphorgﬁga whose response is less sensitive to varlations in op-
poSition, can be measured directly. The same 1s true, to a lesser
degree, for sulfur (Fig. 1). This method offers the additional
'advantage of making an integral correction for the . o

U T

systemétfc nerrorendf nthemhitest assembly, B
for each element to be measured, corresponding to a wavelength ex-
tremedy close to the wavelength of determination. In addition, the
elements added as internal standards must be absent fromithe pro-
ducts to be analyzed. These requirements necessitate extremely
long and complex preliminary procedures which were incompatible
with the simple, fast method which werproposed to develop.

The method of intensity correction by double . determinaticn &t =
two dilution ratios [6] recommended by R. Tertian under the name
"double dilution methed," which we have applied here to doped olls
and to additives, has been found the most attractive from the stand-
point of both wide theoretical applicability and simplicity of use.

The purpose of this preliminary study was to check the validity
of the assumptions which have been found justified in the case of
solid solutions [3,4] and that - of liquid solutions, in which the
matrix effect is especlally great. It was our basic- Intention to
obtain the correction for matrix effect by comparing the curves of «
the measured intensity variatiomsiand correctad'intensityk'variations
as a function of concentration.

I. Corrected Intensity Method by Double (Defermination! at Two Ditution
Ratios: Summary of Procedure.

Drawing on the articles sited as references, especially Ref.

(5] and [6], and considering our specific practical problem;’, we
¥
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can summarize the basics of the method in the following manner.

In the first place, it is assumed that the samples are strictly
honogeneous ones 1n which the matrix effects are essentially due to
differences in absorptdon. The reinforcement or énhancement effects,
if there are any, are assumed to be dnecluded in - '"negative" ab-
sorption phenomena. In addition, it is assumed tthat the pramary
radiation, which is generally polychromatic, can be considered as
an equivalent monochromatic radiation for the samples to be compared.

The general theory thus indicates that the fluorescent intensity

of a homogeneous sample E containing a fluorescent element A in a
concentration Cp is in the form:

’ » £

:! Ill"'c'er“_?__; 2 (l)
in which C 1s a constant and &' and e denote the mass absorption
coefficients of the sample in regard to the egquivalent primary ra-
diation (A} and the fluorescent radiation of A (Aﬁ), respectively.
We will term the sum of the parameters %e' + e) the resultant of

absorption coefficient of the sample.

Ifi the sample E is now dissolved, at a concentration x, in
in an appropriate solvent F [concentration(l - x)], one obtains & ;
new homogeneous sample E, in which the concentration of the fluores-
cent element 1is Xc, and whose resultant absorption coefficient,
according to the law of additivity, 1is given by the expression:

x{e + ') + (1 - x}{(f + £")

dencting the absorption parameter of the pure solvent by f£' and f.
By virtue of equation (1}, the fluorescent intensity of the new
sample will therefore be:

I, :

= T AT = + 7

(2)

i Is

If between equatiams (1) and (2)one. eliminates the factor (e' + e)
characterizing the matrix of the i#nitial sample, by rearrangement
one chtalins the equation@i )



whieh shows that the combination of the two measurements:

Iy Ty 1—5 - o (%)

Iy, =
[N I'i—-—lh x , \
- 1

15 independent of the matrix and directly proportional to the con-
centration ' sought Can

For this reason, I is termed the "corrected intensity"afor

L

El
sample E;. The correlation of éguation (3), written in the form:
|
{ (5)
;

i

a =, )

C
I'g o= =,
1 fr +r L7

and equation (1):

in' addition makes it possible to interpret the corrected - intensity
as that which would be obtained for a theorétlical medium having the
game fluorescent element concentnation Cpos but whose absorption
parameters would remain constant and 1déntic¢al to those of the

pure solvent (f', f).

The corrected intensity method thus amounts to a transference
of experimental results to this ideal medium in which all the cali-
bration 1s linear by definition. Theoretically, therefore, a single
experiment performed under the same conditlions with a sample or
standard U of known flucrescent element ,concentration Ya will be
sufficient to calculate the proportionality constant:

S
fr+r1
according to the equation:
Po =S
AR A . (6)
Thus the result is simply: /852

Fie

Iy,
o - (7)

From this one can see that only a single control sample was neces-

sary to perform(’’dll the ¥ests for a given element, pro- }

vidéd that the dilutant always remainsthe same, however, since the



proportionality constant depends on the nature of the diluqéﬂtg by
the term (f' + f). It is also important to point out that all the
concentrations or dilutions involved here must be understood as by
welght.

It may be noted that the method summarized abhove 1s quasi-
absolute, since it dispenses with any assumptions as to the nature
and general composition of the unknown samples.

If. IMPLEMENTATION OF METHGCD

IT.]1 Nature of Samples.

The samples involved here are doped oils and additives contain-
ing sulfur, phosphoriis, calcium, barium .and zinc. The addition
of these elements to mineral cils in the form of organometallic
salts is designed to improve the lubricating characteristics of
these 0ils at high temperatures and thelr emulsifying properties
so that they can be used to pick up and disperse solid depositsgy.um i
calamine among others. ' '

To check the validity of the proposed analysis by x-ray ¢
fluorescence, the samples were prepared by weighing and Shenumix-
ing organometallic salts with pure mineral oils. The element

contents were therefore known.

11.2 Preparation of Samples

) Doped oils

The intensity IEl was measured from the initial product, and

the intensity IEg 558% Ehe same product diluted by its own weight

in paraffin.

b) Additives
Here the procedure was the same as for the doped oils. BSat-

isfactory results were obtained in regard to all the elements
exceptuvzinc, which underwent much more pronounced absorption effects.
For this element, measurement of the intensity IE1 was performed

on the product diduted with paraffin oil by a factor of 20, and

Iy, on the product diluted by a factor of 40.
2



II.3 Choice of Analytic X-Rays

A11 the elements with the exception of barium were measured

wilth Ka x-rays. The use of a chromium anode tube led us to choose
the Lu x-ray for barium, since the excitation of this wavelepgth |
by CrK, emission is especially strong. Furthermore, tie-background:is ‘e
very slight at this wavelength, whille the BaKOL x-ray colinecides

with the maximum white radiation emitted by the tube and scattered

hy the sample.

IiT. EXPERIMENTAL CONDITIONS

IIT.¥ Presentation of Sample
Since the lower surface of the sample was irradiated, the chédce

of thin wall for the sample holder was of lncreasing importance for
the measurement of lighter elements. A fiylar (polyethylene tereph-
thalate) sheet 6 microns thick is ordinafily used. This material
has two drawbacks: first, i1t is relatively absorptive:df, =~ . .7
the long wavelengthsosf light elements (for PK,, for example, the
emmisivity is only 40%), and second, the absorptive power varies w
widely due to the presence of juneqially distribifed 'trices of anti-
Qmonﬁfﬁin the polyester. For these reasons, we preferred to use poly-
propylene 6§ microns thick, whose emmisivity -is higher than 80% for
PKG) and which has no heavy metal inclusions. These two tharacter-
istics make i1t possible to increase the sensitivity and decrease the
effect of variations in the thickness of fhe wall on the measured '

intensity.

TIT1.2 Experimental Conditions

These are given in Table I. ‘

The use of germanium crystal 1s recommended for phgsﬁﬁbruSJdee;
5términation; since it makes it possible to eliminate the second order
CaKg x-ray in the nelghborhood of PKy. However, it does require
extremely preclise adJustment of the amplitude diserimination to
preciliide background variations due to the GeKa emission by the
crystal.



TABLE I

’ e X-ray used ! - ‘ T
Elehonts .for - | Excitation Collimators Pnalyzing Detector
1 measurement rystal L I
Phosphorus -« .- PK, Chromium tube 500 G o FCGIM
b ‘ RS mA ' wm ermanlum . FC{J

Sulfyr.............. ... 8K, ‘ . 300 b0 Pentaerythr:l.to
Calcium............ . wCaKy - o 150 M , mr(mm; ! o
tBarium,............. < Balg ' 150 um . S %
ZINC.. e . ZnK, ’ 150 um C o R

~ ".A‘ &I B

AT . i(*)fGas;flqwmetér“rf“ b T A RN
Coe W*¥) Scintillator - - E L L S PRI

ITI.3 Background
' In this study we have overlooked to the intensity of the back-
ground, whilch was generally =light, and have not  subtracted it from
the intensity measured with the measurement -ray. As a result, the
curves giving the variations in fluorescent intensity as a functicn
of concentration do not pass through, the point of origin.
.
IV. RESULTS /853

The results obtained, illustrated by Figs. 1-8, are given in
Tables II (doped oils) and III (additives).

V.1 Interpretation
Since the elements sought were of known concentraticn, we

measured the fluorescent intensities and calculated the correspaond-

ing corrected intensities, except iIn the cases of sulfur and phos-
phorus * in the additives (see introduction) and for calcium in the /854
doped o0ils, -which could be measured directly due to its high level

of dilution.

It may be observed that direct measurement generally results
in a disordered intensity/concentration relationship, which precisely
translates the éxistence of matrix effects, while in all cases the
corrected intensities/concentration relationship was found %o be
appreciably linear, this being the purpose of the checkmpaffé?meq,w
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Fig. 1: Variations in fluorescent intensity as a function of
concentration: direct measurement (additives diluted 20 to 1).
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TABLE II: DOPED OILS

—

il
I ample E],uorescent I o J i -
nten~ Correcd:eci Actual Theoreti~ Absolute
! Number |sity: ¢in thousands '.Inten31ty Concen- 1 - i Relative
' Uf»-@ounts dn 40 secq fration. |oaniralys, Pifference Difference
'Elemeﬁt ; %v',) Gron cel'ﬂ:(fmjtlon A%) T
! ltl IN -
{ Pa 1 64,96 42.02 19,0 0,154 0.15 0.005 Y R
; 2 61760 aze90  f 14704 ENT 2.90 0,02 o
) 3 48733 20560 744, 1.45 1.42 0,03 2.4
L 4 21,43 16,98 B0 5,037 0,047 0.01 20
! . 5 16325 * 111.49 450.9 0.548 .64 0,008 12
é Ca 1 65.02 direct| direct 0.168 0,170 . .00z T 12 :
. ] 30,20 Inea%ure-“ measure— 0.084 0,054 ] 0~
. 3 . 1848 - |ment 0.0199 0.020 N TN U S
i & . 27.66 : 0.857 0,960 . 000 0.35 o
5 69%60 i 2240 2.3 X INE TR SR T
' 'zn 1 243,50 162.70 - 509.0 0,05 0.052 0.002 AR
i o2 31320 266,00 1 765.0 2,195 4.195 0 0
1| 3 . 20.20 10,10 20.4 0,002 00013 00005 20 )
4 4 474.20 208.20 880.0 1402 0,096 0,004 D s
! 5 29.60 26,03 213.7 0.0097 0,017 . 00073 -8
s 1 £69.60 334.76 £69.3 R 0.97 0.04 .
! 2 772.90 445,80 10515 1.55 155 0 . 0
b 3 201.80 106,10 2938 027 . 0.492; 0,05 15 i
Lo 4 C 147,50 77.05 160.9 0,239 .29 o 0 :
; e 5 - 65.90 © 34,20 30.6 0,114 0,095 0,009 10 ‘
1 4P 1 23.97 12.35 25,3 0,047 0087 0 0 '
- 2 66.29 © 36.44 ¢ 80.8 0,162 0.16 0 S0
; 3 .51 T 1,22 58 ¢.0018 0.0016 0.0002° 1t
; 4 42.89 22 54 47.4 9,085 0,092 0,007 1
i 5 4.98 2,74 6.0 9.008 0,007 0.004 14
I,' - I = — . = = ;
TABLE III ADDITIVES
- . s . ‘ |
A : Flucoresgent Inten- Carrected” Actual Theoreti-|Absoclute | F elatlve '
3Ele;ment ample ‘jsity (in thousands Intensity | Concen- ¢al con> |pifference Pi fference
b ._,\T er  |of ‘counts.in 40 sec - 1| tration Lentratlor : ] (%)
; g : oo sy (%) : SRR .
< P I" . ]h . ‘ '-.;I'
-y
. Ba 1 90.30 46,30 95,1 2,31 2.15 0465 15
; 2 362.00 196,10 4278 10,50 10,60 020 |0 03 ‘
‘ 3. 592,00 322,00 698.0 17.28 17.50 022 | 012
L 4 129.00 68,40 166, 3,24 B:50 0,26." rIEI
5 . . i " q . .
. Ca 1 664,60 335.80 12120 3.492 3.94 0,02 05
' 2 90.00 7460 4325 1,40 1.40 o 0
v 3 35.4% 29,58 1770 0.56 0.5% 0,02 35 )
4 535,60 - 385.20 13720 448 b8 0 o ;
(I 1 9547 14,52 8.7 0,75 . 0.70 © 005 " 6.6
‘. 2 58,22 4541 864 2744 2.42 0,02 0.8
3 22.4R 14.90 445 .97 1,00 - 0.03, 3
. 4 16,9 10,41 27.0 049 0.50 0.01 rog
- 5 269.64 148,50 30,1 9,75 9.75 U 0
: 1 29.06 direct | direct 184 1.80 0.04 232
; 2 91.85 measure- feasure-. 5,01 5.060 0.01 © 02
- 8- 55.153 ment -, ent - . 281 2.80 . 0 035
o b 24.91 T ‘ .12 1,40 002 13
B ‘5 200.70 173 17.30 o o
A 1403 'direct’ Mivect . | .- 070 c 068 | o2t ig
] 30,13 measure- measure~ SO R - 002 =N
3 15.04 ment hent G.81 i 0,80 0.01 } i |
r L& 10.34 LR 040 ° | 040 0 S0
o 5 41098 Cod 809 . | i &0 0.01 0.1



The advance made in this way is especially valuable 1n regard to

the measurement of barium in doped oils (Fig. 5), zine in doped oils.
(Fig. 7) and calcium in additives (Figw 4), since in these cases the
matrix effects are greater. The advance is also significant in the /855
detérminatddn 6f phosphorus  and sulfur in oils (Figs. 2 and 3) and

zine in additives (Fig. 8).

‘In cases in which direct measurement reveals a . ,linear inten-
sity/concentration relationship, 1.e., when the matrix effects are
not appreciable, it 1s useless to calculate a corrected : intensity
since this will be marﬁed.by algebralc. error due to the accuracy .
cof’ 7 measurement ", which may be greater than the correction to be
performed if the latter is extremely small. . .. . - =

IV.2 Drawbacks of Method /858
This method regquires two preparations per analysis, and at

least one of these necessitates two precilse weilghings. In addition,
optimization of the measurements by the choice of a sultable dilu-
tion ratio and concentration range implies prelimlnary measurements
which proportionately increase the total time required for the
procedure. Finally, with equal theoretical error, thechtemﬁn&ﬁﬁhw
timecitself will be more than twice that of a direct methed of |

@deténmjﬁﬁién.l

IV.3 Advantages of Method

Since the proportionality of the correcbedxﬁintensities and
the concentrations has been established, the user can dispense with
systematic calibration while at the same time using a technigue which

\”% Simple theoretical calculation does not make it possible to relate
the standard differences in regard to the measurements of Ig; and IE2
toe the standard difference in regard to I'p; since the Y
distributionsresulting from the combinatdon:

. :Yi . YE

Yl?_ ¥2 - YZ . [Sic]A

dn which Y] and Y, are two normal gaugsian distributions, is not a_
gaussian distribution of the same fype.

13



ensures satisfactory repreducibllity.

To measure the concentration of a given element in a random
samphe, one need only prepare a standard containing a known quantity
of this elemént. To measure the concentration, fourddeterminations
will be necessary,'that is:

-- one determination.performed on the example to be analyzed and another
on the‘sample diluted at a suitable ratio 1n a neutral solvent;

-~- one determination: performed on the standard and another on the stand-
ard diluted in the same .golwentias the sampile.

The concentration ratio may be derived from the rationof the
correctédeintensities calculated from these measurements.

Applied to the analysis of hydrocarbons, the method offers the
following advantages:
~— simplicity of use: one standard pprepared once and for all by
disolving salts of different elements (naphthenates in particular)
can be used to measure these elements in turn;
-— reproducibility of measurements: the standards are used as a
reference for adjustment of the assembly. In this way the devia-
tion can be systematically corrected;
-~ general applicability: themethod cante used in a general marner to
measure the concentrations of mineral elements in hydrocarbons with-
out any concern for possible variations in the absorptance of the
sample (differences in the C/H ratio, inopportune presence of
absorptive mineral elements) —- unless this is desired in order to
determine the optimum conditions for analysis.

CONCLUSTION
The use of x-ray - fluorescence spectrometry seems to be well-

adapted to the problem of measuring the concentrations of mineral
elements in hydrocarbons, provided that the method of corrected
intensities by double determinationwat two dilution ratios is ﬁged,

In ourceopinion, this method provides ta definite advance, especially

in cases of heavy mineral elementcconcentrations, where " . . _:

14



Interelement effects are considerable, since it is the only method
which makes it possible to limit the final relative error to an
acceptable level on the order of 1%.

The purpose of this research has been to apply this method to.
liguid samples to check the validity of fhe theoretical assumptions|
especlally that regarding the incorporation of the primary radlation
into an equivalent' monochromatic radiation; so far these assumptions
have been verified only for solid solutions [3,5]. The results were
positive, as was 1llustrated especially by the results oBtained in
the determination: of zinc (Figs. 7 and 8), whose ZnK, x-ray is excited
solely by the white radiation of the chromium tube, that is, andes-
sentially polychromatic spectrum.

Since this article was written, RuTertian has established [7]
that the relative theorétical error introduced by the polychromatie
structure of the primary radiation is extremely slight and is no more
than 0.5% in all usual cases, in which the essential consideratdion
is absorption phenomena. It may be slightly higher (maximum of 1-2%)
1f there are extremely heavy enhancement effects; however, this
would seldom oecur in practice in solutions analysis. Based on €
these new developments, one can generally expect a degree of accuracy
on the order of 0.5 to 1% as a relative value, provided, however,
that the preparation and the determinations are rigorously correct.

A considerable improvement can therefore bhe made in our initial
results by setting up optimum conditions of analysis for each element
and each matrix. These problems will be examined in a future

optimization study.
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